Since the work of Kety and Schmidt in 1948 (1) , it has been apparent that the carbon dioxide tension of the arterial blood is an important factor in the control of cerebral blood flow in man. These workers showed that hyperventilation, with its consequent hypocapnia and alkalosis, is associated with a decrease in cerebral blood flow and an increase in cerebral vascular resistance. Conversely, hypercapnia, induced by inhalation of carbon dioxide, resulted in an increase in cerebral blood flow and a decrease in cerebral vascular resistance. Only the effects of marked alterations in carbon dioxide tension were reported. Since this work appeared, it has become evident that the cerebral vessels are commonly confronted with, and can respond to, smaller changes in carbon dioxide tension. Previous studies in this laboratory (2) have defined the threshold and pattern of response of the cerebral vessels to induced hypercapnia. Observations on the cerebral vascular response to reduction in arterial carbon dioxide tension over a wide range, with special emphasis upon the early phases of this response, form the basis of the present report.
METHODS
The subjects were normal adult male volunteers with a mean age of 38 and an age range of 30 to 50 years. All studies were done in the forenoon with subjects in the supine position.
I. Cerebral blood flow was measured in six subjects by the nitrous oxide technique of Kety and Schmidt (3) as modified by this laboratory (4) . The subjects breathed the gas for 10 minutes. Paired blood samples for N20, 02 and CO2 contents and pH were withdrawn from indwelling needles placed percutaneously in the brachial artery and in the internal jugular bulb after-local anes-* Supported by a grant (NIH H-3361) from the National Institutes of Health, Bethesda, Md., and in part by Office of Naval Research Contract Nonr 1134(01). Presented in part before the Southern Society for Clinical Research, New Orleans, La., January, 1959 and as part of a presentation before the American College of Physicians, San Francisco, Calif., April, 1960. thesia. After a control resting cerebral blood flow determination, the subjects hyperventilated for 15 minutes, and the second cerebral blood flow determination was carried out during the last 10 of these 15 minutes. Pulmonary minute ventilation was measured by pneumographs on the lower thorax and epigastrium calibrated on the subject against a spirometer at the time of the experiment, or by a recording Tissot gasometer collecting the expired air. Arterial pressure was recorded with a Statham P23Db or P23G strain gauge and a Sanborn Polyviso recorder from the indwelling brachial arterial needle. Mean pressures were obtained by electronic integration or by adding one-third of the pulse pressure to the diastolic pressure.
The N20 content of the blood was determined by the method of Kety and Schmidt with slight modifications (4) . The 02 and CO2 contents of arterial and jugular venous blood were determined by the gasometric technique of Peters and Van Slyke (5) as modified for the presence of NO by Kety and Schmidt (3) . Arterial pH was measured with a Cambridge model R pH meter with appropriate corrections to body temperature (6) . CO2 tensions were obtained from the pH, CO2 content and hematocrit by the nomogram of Singer-and Hastings (7) .
The cerebral oxygen consumption was calculated as the product of cerebral blood flow and the cerebral arteriovenous difference for oxygen, and the cerebral vascular resistance was calculated by dividing the mean arterial pressure by the cerebral blood flow.
II. The series of experiments described above established that cerebral oxygen consumption was not altered by voluntary hyperventilation (see Results, I). Since, by the Fick equation, cerebral oxygen consumption is equal to the cerebral blood flow times the arteriovenous oxygen difference, and since cerebral oxygen consumption was unaltered by hyperventilation, it follows that cerebral blood flow is proportional to the reciprocal of the arteriovenous oxygen difference, or CMR02 = CBF X (A-V)°2 or CBF = CMRo2/(A-V)02, but CMR02 = K. Figure 1 ) and a curve was visually fitted to these mean points. A flattening out of the curve occurred at larger decreases in CO, tension, suggesting a logarithmic relationship. In addition, trial plots of the data from individual subj ects on a given day on semilogarithmic paper also suggested a general logarithmic relation with a threshold as expressed by Equation 1: y=a +bx xe [1] where y = CBF expressed as per cent of control, a = yintercept, b = slope which measures individual responsiveness of CBF to x, x = log(-APco2) and e = a random component representing physiological variation from moment to moment as well as errors of measurement. This equation was written for mathematical convenience in the following form: [2] where m = mean CBF value for the individual and I = arithmetic mean of x values for the individual. Since the I is a mean, the original a is replaced by a mean CBF value or m in Equation 2 .
The threshold value of APco2 can be derived from Equation 2 by setting y = 100 per cent to yield: 100 = m + b log (-APco2)threshold b x [3] Rearranging and dividing by b gives:
log (-APco2)threh0ld = x + m -100 [4] Taking the antilog of both sides of the equation yields:
(APco2)th.O.hold = -antilog + m 100) [5] Equation 2 was fitted to the data from each individual by the method of least squares, i.e., estimates for m and b were determined so as to minimize the sigma e'. The curve for a "typical" subject was defined as that curve given by the mean estimates. The arithmetic means of the individual values for m and b were inserted in Equation 2. The error (e) was dropped to give the typical curve.
Approximate confidence limits for the typical curve are easily derived from large-sample theory utilizing the observed variances and covariances of the estimated m's and b's. The approximate 95 per cent confidence limits, calculated by standard methods (9) , for the estimated typical curve are presented in Table I . We may suppose that the true "typical" curve lies somewhere between these confidence limits (this statement is made with 95 per cent confidence) and the "best guess" as to its exact location is given by the estimated typical curve. (Table II) show that, with a mean increase in total minute ventilation of 5 L per minute and an alveolar ventilation of 2.9 L per minute, there was a resultant decrease in mean arterial CO2 tension of 6.3 mm Hg and a rise of pH of 0.06 U. Associated with these changes there was a mean decrease in cerebral blood flow to 79 per cent of the control level. The cerebral vascular resistance increased significantly while mean arterial blood pressure changed insignificantly. On the other hand, the cerebral oxygen consumption was not altered by the act of voluntary hyperventilation.
RESULTS

I. The results of the first series of experiments
II. In the second portion of this study, the percentage change in cerebral blood flow was calculated from the change in (A-V)O2 expressed as per cent of control cerebral blood flow. The individual data are presented in Table III Finnerty, tory (2) to Witkin and Fazekas (10) Lesser degrees of reduction of cerebral blood flow are associated with a demonstrable diminution in mental ability (11) . The diminishing response of the cerebral vasculature to progressive hypocapnia can be explained by the body's introduction of physiologically antagonistic mechanisms tending to produce vasodilation, which become increasingly powerful as hypocapnia increases. Since the cerebral metabolic rate for 02 remains constant in hyperventilation and since cerebral blood flow decreases significantly, each milliliter of blood traversing the brain will reach the venous end of the capillary after a greater amount of 0°has been extracted and a larger amount of CO2 added. Both hypoxemia and hypercapnia are potent cerebral vasodilators (1). It is not known if endcapillary or venous gas tension changes affect exclusively, or even primarily, the caliber of the vessels which are at the site of these changes. The authors, like many others, have speculated regarding some retrograde mechanism, such as the axon reflex, whereby the arterioles "feel" the effects of changes of gas tensions occurring downstream. To our knowledge no direct evidence is as yet available. In addition, akalosis, induced by hyperventilation, has a moderate vasodilator effect (12) . The slight increase in arterial 02 tension which occurs with voluntary hyperventilation during air breathing would have little or no vasoconstrictor effect (1). On the other hand, there is little physiological antagonism to the vasodilator effect of hypercapnia. With hyperventilation induced by inspiring gas mixtures of high CO2 content in air, there is again a slight increase in arterial 02 tension. In addition, the increase in cerebral blood flow with constant cerebral O.
consumption allows the capillary and venous blood to have a further increase in 02 tension but, as already noted, even a marked increase in arterial 02 tension has only a weak vasoconstrictor effect (1) . The role of the acidosis which accompanies hypercapnia remains unclear, although it is known that ammonium chloride infusions are associated with weak vasoconstriction in the cerebral vascular bed (12) . The shape of this curve, then, is fortunate since serious cerebral hypoxemic symptoms would result if the trend of the early response to hypocapnia persisted; on the other hand, the physiological price to be paid for vasodilation in response to hypercapnia is small. Since cerebral oxygen consumption remains constant during the extremes of natural sleep and intense mental activity (13) , any change in cerebral blood flow must result in a change in the content of 02 and CO2 and in the pH of the blood in the cerebral capillaries. The intact normal organism, however, maintains arterial CO2 tension within a very narrow range. In view of this stability of arterial CO2 tension and in view of the threshold type of response of the cerebral vasculature to alterations in CO2 tension, it would appear that under normal circumstances little change in cerebral vascular resistance could be expected as a result of fluctuations in arterial CO2 tension.
On the other hand, should there be marked changes in perfusion pressure, this mechanism for control of cerebral circulation would become operative. From the Fick equation, and the blood nomogram (7) or the physiological CO2 absorption curve (14) In contrast to the mild influence of CO, tension in response to alterations in cerebral perfusion is the major role which this mechanism must occupy in primary alterations of arterial CO2 tension. During short periods of asphyxia or hypoventilation the increase in arterial CO2 tension, and to a lesser extent the decrease in arterial 02 tension, would serve to cause cerebral vasodilation and thereby increase cerebral blood flow.
There are large numbers of commonly encountered clinical states which are associated with significant hypocapnia. It is striking that in almost all of these, signs of cerebral dysfunction are occasionally or frequently seen. These conditions include pulmonary congestion as a result of congestive heart failure (15), pulmonary infarction (16) , pneumonia (17) , alveolar capillary block (18), highly febrile states (19) , certain acute cerebrovascular accidents (20) , hepatic precoma and coma (21) , intoxication with salicylates, dinitrophenol and sulfanilamide (22) (Figure 3) , increasing alveolar ventilation by only 2 L per minute will lower the arterial CO2 tension by 10 mm Hg. This in turn will induce sufficient cerebral vasoconstriction to reduce cerebral blood flow by 25 per cent. Such degrees of reduction in cerebral blood flow are associated with demonstrable deterioration in mental capacity. The potential danger of hyperventilation in aviation has been recognized (25) and studied (11). Balke and Lillehei (26) found that significant psychomotor impairment could be regularly produced by voluntary hyperventilation, and in some of their subjects marked impairment accompanied mild hypocapnia. In view of the demonstrated sensitivity of the cerebral vessels to hypocapnia, it is probable that the impairment in mental function is related, at least in part, to deficient cerebral blood flow. Recent animal studies have further stressed the importance of the hypoxia in brain tissue which accompanies hyperventilation, even with 100 per cent oxygen as the inspired gas (27, 28) .
SUMMARY te anxiety reactions (23). A rela-
The pattern of vasoconstrictor response of nortange in pulmonary ventilation can mal cerebral vessels to reduction in arterial carcant lowering of arterial CO2 ten-bon dioxide tension has been delineated. 
